We pooled data from 5 large validation studies of dietary self-report instruments that used recovery biomarkers as references to clarify the measurement properties of food frequency questionnaires (FFQs) and 24-hour recalls. The studies were conducted in widely differing US adult populations from 1999 to 2009. We report on total energy, protein, and protein density intakes. Results were similar across sexes, but there was heterogeneity across studies. Using a FFQ, the average correlation coefficients for reported versus true intakes for energy, protein, and protein density were 0.21, 0.29, and 0.41, respectively. Using a single 24-hour recall, the coefficients were 0.26, 0.40, and 0.36, respectively, for the same nutrients and rose to 0.31, 0.49, and 0.46 when three 24-hour recalls were averaged. The average rate of under-reporting of energy intake was 28% with a FFQ and 15% with a single 24-hour recall, but the percentages were lower for protein. Personal characteristics related to under-reporting were body mass index, educational level, and age. Calibration equations for true intake that included personal characteristics provided improved prediction. This project establishes that FFQs have stronger correlations with truth for protein density than for absolute protein intake, that the use of multiple 24-hour recalls substantially increases the correlations when compared with a single 24-hour recall, and that body mass index strongly predicts under-reporting of energy and protein intakes. 24-hour recall; attenuation factors; calibration equations; dietary measurement error; food frequency questionnaire; under-reporting
Most studies of dietary intakes or their relations to health outcomes use a dietary self-report instrument that is completed by participants (1). However, data from such instruments contain reporting errors (2) . Investigators need to know the magnitude and direction of such errors in order to assess their impact on research results. Therefore, validity assessment of the self-report instrument is commonly performed. Relatively brief self-report instruments, such as a food frequency questionnaire (FFQ), are often compared in the validation exercise to more detailed self-reports, such as 24-hour recalls (3, 4) . Dietary intake recovery biomarkers (5) that provide accurate assessments of short-term intakes of a limited set of dietary components (e.g., energy, protein, potassium, and sodium) have also been used for validation. However, these biomarkers are expensive or inconvenient to measure and typical sample sizes are small, yielding limited information.
Recently, a series of larger validation studies that used recovery biomarkers, starting with the Observing Protein and Energy Nutrition (OPEN) Study in 2000 (6) , was conducted in various US populations. In 2009, investigators from 5 such studies agreed to pool their data for common analysis with the aim of describing with greater precision the nature and magnitude of reporting errors in FFQs and 24-hour recalls and investigating the personal characteristics associated with such errors. We present here results for intakes of energy and protein from this Validation Studies Pooling Project.
METHODS

Validation studies and their populations
The 5 validation studies were conducted with different aims and in diverse populations within the United States (Table 1 ). The OPEN Study was conducted to elucidate the measurement properties of self-report instruments in adult volunteers who were 40-69 years of age and resided in Maryland (6) . The Energetics Study investigated similar questions, emphasizing multiple 24-hour recalls in younger white and black adults (7) . The Automated Multiple Pass Method (AMPM) Study evaluated reporting by adults using the United States Department of Agriculture's (USDA) primary 24-hour recall assessment tool for dietary intakes in the National Health and Nutrition Examination Survey (NHANES) (8) . The Nutrition Biomarker Study (NBS) studied dietary reporting by participants in the Women's Health Initiative (WHI) Dietary Modification Trial, using various self-report instruments and biomarkers (9) . The Nutrition and Physical Activity Assessment Study (NPAAS) studied dietary and physical activity self-reports and biomarker levels among participants in the WHI Observational Cohort (10) . The latter 2 studies included only women, nearly all of whom were older than 60 years of age.
In each study, at least 70% of the participants had college or postgraduate education (Table 1) , and more than 90% were nonsmokers. Each study proposal received institutional review board approval, including approval of the manner in which informed consent was obtained from participants.
Self-report instruments
In each study, FFQs were administered to participants. Although repeated administrations were performed in the OPEN, NBS, NPAAS, and AMPM studies, the present analysis includes only the first administration. Three different FFQs were used; all included the most frequently consumed foods and the foods that contributed the most to nutrient (especially fat) intakes in the United States. The FFQs queried intakes over the past year in the OPEN and AMPM studies and over the past 3 months in NBS and NPAAS. The OPEN and Energetics studies used the Diet History Questionnaire, which includes questions about 124 food and beverage items, with follow-up questions regarding food preparation and type; portion size is categorized as falling into 1 of 3 portion size ranges (11) . The Harvard FFQ (used in the AMPM Study) includes questions about 146 items, with a single reference portion size (3) . The WHI FFQ (used in NBS and NPASS) includes questions about 122 items and includes summary and adjustment questions; portion size is categorized as small, medium (with a reference size), or large (12, 13) .
Each study included 2 or more 24-hour recall assessments. These were administered to all participants in 4 studies and to a subset of 20% in NBS (Table 2) . Different versions of the 24-hour recall were used. The OPEN Study used a pencil-and-paper version of USDA's in-person intervieweradministered automated multiple-pass method that included 2-and 3-dimensional models to assist with estimation of portion sizes (6) . The AMPM Study used a computer-automated version of this same method. The first recall was conducted in person with the 2-and 3-dimensional portion size aids; the second and third recalls were administered via telephone with the participants using a food model booklet and measuring cups and spoons as portion size aids (8) 
Biomarkers
Each study used recovery biomarkers, including doubly labeled water for energy intake (16) and 24-hour urinary nitrogen for protein intake (17) ( Table 2) . Data on 24-hour urinary potassium and sodium intakes will be presented elsewhere.
Doubly labeled water measures energy expenditure over a 10-14 day period and, assuming individuals are in energy balance, is used to measure average daily energy intake over this period (16) . In 4 studies, it was measured at the University of Wisconsin, and in the AMPM Study, it was measured at the USDA laboratory.
Twenty-four-hour urinary nitrogen level provides a measure of protein intake over a 24-hour period (17) . In 3 studies, it was measured at the Medical Research Council (Cambridge, United Kingdom) using the Kjeldahl method, and in the other 2 studies it was measured at the USDA laboratory using the Dumas combustion method (Table 2) . Three studies included repeat determinations in the main study protocol, separated by approximately 5 days; NBS and NPAAS included repeat determinations in a reliability substudy (see below). Urinary nitrogen in grams was divided by 0.81 to convert the measurement to dietary nitrogen (17) . That number was then multiplied by 6.25 to convert dietary nitrogen to dietary protein.
Reliability substudies
Each study included a substudy, of varying sample size, to examine the reliability of self-reports and biomarker assessments. The time between initial and repeat administrations varied considerably, ranging from 2 weeks in the OPEN Study to approximately 6 months in the Energetics Study, NBS, and NPAAS and up to 10-23 months in the AMPM Study ( Table 2 ). The extent of the repeat data collection also varied. In the OPEN study, only doubly labeled water administration was repeated, whereas other studies repeated both biomarker assessments and self-reports. For example, NBS and NPAAS repeated the entire study protocol in a subsample comprising 20% of the study population (Table 2) . Data on repeat biomarker and 24-hour recall determinations are included in our analyses.
Statistical methods
We report on 3 dietary components: energy, protein, and protein density. Protein density is defined as the ratio (%) of energy from protein to total energy. We excluded urinary protein values from the analysis if participants indicated missing 2 or more voids during the 24-hour collection. No exclusions were made on the basis of para-amino-benzoic acid results (18) . The exclusion of outliers is described in Web Appendix 1 (available at http://aje.oxfordjournals.org/). Using the repeated 24-hour recall assessments, we investigated reporting characteristics for a single 24-hour recall, as well as for 2 and three 24-hour recalls (where available), using the mean log reported intake as the value derived from multiple assessments.
All analyses were based on the premise that recovery biomarker levels provide, on a logarithmic scale, unbiased estimates of short-term intake. With the additional conventional assumption that short-term intake does not vary systematically with time, short-term biomarkers are then unbiased for longer-term "usual" (i.e., average) intake.
We investigated several characteristics of dietary reporting error, including reporting bias, the attenuation factor, and the correlation coefficient between reported and true usual intakes. Reporting bias, the group mean difference between the reported and true usual intakes, is important when estimating or comparing mean intakes in populations. It was estimated as the mean difference between the log first reported intake and the log biomarker value and was re-expressed as relative bias by exponentiation.
The attenuation factor and correlation coefficient between reported and true intakes are important when estimating diet-health relationships. The attenuation factor (usually between 0 and 1) is the multiplicative bias or shrinkage factor in the estimated regression coefficient when a health outcome is regressed on continuous self-reported intake rather than true dietary intake. It was estimated as the slope in the linear regression of log biomarker value on log first reported intake. To accommodate multiple determinations of biomarker levels, linear mixed models (19) with a random intercept for participants were used (see Web Appendix 2 for further details). Across-study average attenuation factors were weighted by the inverse of their variances.
The correlation coefficient between reported and true intakes is used to measure loss of statistical power to detect diet-health associations when using reported intake instead of true intake (20) . In simple models, it can also serve to de-attenuate relative risks between 2 categories of intake (21) . It was estimated as the correlation between first reported intake and biomarker value adjusted for within-person biomarker variation, using a method similar to Rosner and Willett's (22) (Web Appendix 3). Low values of attenuation and correlation, for example, less than 0.4, are undesirable, although there is no sharp cut off. A value of 0.4 would mean that a true relative risk of 2.0 would on average be attenuated to a value of 2 0.4 = 1.32 (see Discussion). We also investigated how personal characteristics were associated with reporting bias and attenuation. We examined sex, age (<40, 40-49, 50-59, 60-69, 70-79, and ≥80 years), body mass index (BMI; weight (kg)/height (m) 2 , logtransformed), race (black, white/other), and educational level (high school, college, postgraduate education). Their relation to bias was investigated through linear regressions of reported intake minus biomarker value on these characteristics, examining their regression coefficients. Their relation with attenuation was investigated through linear regressions of log biomarker value on log reported intake, the characteristics, and the interaction between a characteristic and reported intake. The coefficient of the interaction was interpreted as a measure of the change in attenuation associated with that characteristic. Calibration equations for predicting true usual intake were obtained from regressions of log biomarker value on log reported intake and personal characteristics. Accuracy of prediction was measured by the multiple correlation coefficient of the regression, adjusted for within-person biomarker variation (10) (Web Appendix 3).
We performed all of these analyses as meta-analyses with the study entered as a variable into the regression model (Web Appendix 2). Between-study heterogeneity was assessed through interactions between the study variable and other terms in the model and quantified by I 2 (23) . Between-sex heterogeneity in attenuation factors was assessed through interaction between sex and self-report instrument. The statistical significance of coefficients was tested using 2-sided t tests or F tests. Although we used the 5% level as a guide for statistical significance, the tables presented cite many P values that were not adjusted for multiple testing. We interpret these P values cautiously and draw conclusions based on the consistency of results across studies, as well as the P values themselves. Statistical analyses were implemented in SAS, version 9 (SAS Institute, Inc., Cary, North Carolina) (24) .
RESULTS
Reporting bias
Geometric mean intakes are shown in Table 3 . Selfreported means for energy and protein intakes were uniformly lower than those based on biomarker levels. However, self-reported protein density means tended to exceed the biomarker means.
FFQ energy intake reporting bias was approximately 30% (range, 24%-32%) under-reporting across all studies for both sexes (Table 4) . Twenty-four-hour recall energy intake under-reporting was approximately 10% (range, 6%-16%) in the OPEN, Energetics, and AMPM studies but approximately 25% (range, 24%-28%) in NBS and NPAAS. FFQ and 24-hour recall reporting biases for protein intake were generally lower than those for energy intake. With a FFQ, the rate of under-reporting of protein intake was approximately 10% (range, 5% over-reporting to 16% underreporting) for all studies except the OPEN Study, for which the range was 26%-29% (Table 4) . Protein under-reporting in c Single administration of a 24-hour recall; data from the first recall were used except in the Energetics Study, in which data from the second recall were used (Web Appendix 1). e Single administration of a 24-hour recall; data from the first recall were used except in the Energetics Study, in which data from the second recall were used (Web Appendix 1). The model-based average percentages of relative bias for the reference group (non-Black women who were 50-59 years of age with a BMI of 25 and a college education) were as follows: energy, −15% for 24-hour recall and −29% for FFQ; protein, −4% for 24-hour recall and −12% for FFQ; and protein density, 15% for 24-hour recall and 24% for FFQ. Table entries show the added bias associated with personal characteristics. For example, for a black man who was 60-69 years of age, had a BMI of 30 and a high school education, and reported energy on a FFQ, one should expect an extra relative bias of approximately −3.6 (Black) − 2.7 (man) + 6.6 (60-69 years of age) − 5.0 (BMI 30) − 5.9 (high school education) = −10.6% over and above the −29% for the reference group, that is, underestimation of approximately 40%.
b P value for the covariate (based on log-likelihood ratio test). c P value for heterogeneity across studies (based on log-likelihood ratio test 24-hour recalls averaged 5% but exhibited much heterogeneity across studies (range, 20% over-reporting to 21% underreporting). The level of under-reporting of protein intake was lower than that for energy intake, leading to a tendency for over-reporting of protein density that was greater with a FFQ than with a 24-hour recall (Table 4) .
A higher BMI was consistently associated with increased under-reporting of both energy and protein intakes using both FFQs and 24-hour recalls (Table 5) . Having a high school education was also associated with more under-reporting of energy and protein intakes using either instrument than was having some college education. Compared with an age of 50-59 years, an age older than 59 years was associated with less under-reporting of energy intake on a FFQ. Other personal characteristics were not consistently associated with reporting bias across the studies.
Attenuation and correlation of reported intake with true usual intake Attenuation factors for FFQ-reported energy intake were extremely low for both men and women (Table 6) , with an average below 0.1. For a single 24-hour recall they were not much higher, with an average of approximately 0.1. Using the mean of 2 or three 24-hour recall administrations increased the attenuation factor to only approximately 0.15.
Attenuation factors for reported protein intake were higher than those for energy intake (Table 6) ; the average value for FFQs was 0.17, and the range for a single 24-hour recall was 0.22-0.24. When values from 2 and three 24-hour recall administrations were averaged, the attenuation factors were substantially higher at approximately 0.3 and 0.4, respectively.
FFQ attenuation factors for protein density were markedly higher than those for protein or energy, with an average value of approximately 0.4 (Table 6 ). These were higher than for a single 24-hour recall (average of 0.2-0.3). With 2 and three 24-hour recall administrations, the average value increased to around 0.4 and 0.5 respectively. Thus, for protein density, FFQ attenuation levels were on average similar to those for two 24-hour recall administrations. Twenty-four-hour recall attenuation factors for protein density also appeared higher than those for protein, but not as markedly so as for FFQs (Table 6) .
Considerable across-study heterogeneity in attenuation factors values was seen, particularly for 24-hour recalls, with protein and protein density values in the AMPM Study generally higher than those in other studies (Table 6 ). Attenuation factors did not differ substantially between men and women (Table 6) .
Correlation coefficients between reported and true usual intakes displayed patterns similar to those seen with attenuation factors (Table 7) . For FFQs, the correlations for protein density were higher than those for protein (approximately 0.4 vs. 0.3). However, for 24-hour recalls, unlike attenuation factors, correlations for protein density were generally not higher than those for protein. For example, for two 24-hour recalls, the average correlation was approximately 0.45 for protein and approximately 0.40 for protein density (Table 7) .
There was no clear evidence that personal characteristics were substantially related to 24-hour recall attenuation factors in men or women (Appendix Table 1 ) or to FFQ attenuation factors in men. However, for FFQ-reported energy and protein intakes among women, there was evidence that having a higher BMI and being black were associated with lower attenuation factors, and for protein, that a higher educational level was associated with higher attenuation factors.
Calibration ( prediction) equations for true usual intake
Appendix Tables 2 and 3 present calibration equations for predicting the logarithm of true usual intake based on a selfreport instrument and personal characteristics for men and women, respectively. The coefficient for the logarithm of self-reported intake is provided for each study. BMI, age, and race were all strong predictors of energy intake and together raised the multiple correlation for prediction from less than 0.1 with the self-report instrument alone to 0.3 and higher, dependent on the study.
For protein, these same characteristics were important predictors of true intake among women. Among men, age was less important and educational level was more important (Appendix Table 2 ). With inclusion of personal characteristics in the prediction, multiple correlations rose substantially above those achieved with a self-report instrument only, but not to the same extent as for energy.
For protein density, personal characteristics did not add much to the prediction of usual intake. Interestingly, after introduction of personal characteristics, energy was predicted best of the 3 dietary components, followed by protein and then protein density, an order very different from the level of prediction achieved by self-report instruments alone.
DISCUSSION
Dietary self-reporting is currently indispensable for population surveillance of dietary intake, many studies of interventions to modify dietary intake, and most studies of diet-health outcome relationships. However, reporting errors and daily variations in dietary intakes may be barriers to achieving reliable results from these studies. Knowledge of the measurement properties of self-report instruments is required to interpret the results of studies that rely on such instruments. In the present study, we examined reported intakes of energy, protein, and protein density.
In some studies, estimating the group average intake is important. These include studies for estimating the population distribution of intakes (25) and behavioral intervention studies in which the outcome is intake of a nutrient or food group (26) . In such studies, average intake is estimated directly from the self-report instrument, and our analysis has shown that energy intakes are under-reported with both FFQs and 24-hour recalls, whereas absolute protein is under-reported with FFQs. We have also shown that in most of the studies, under-reporting of energy and protein intakes was greater with a FFQ than with a 24-hour recall, the exceptions being the WHI studies that showed somewhat more underreporting of protein with a 24-hour recall than with a FFQ (Table 4) . Furthermore, with either instrument, underreporting of energy intake is greater than that of protein intake, and consequently protein density tends to be over-reported. These biases need to be considered when interpreting results of such studies. Our study clearly confirms previous reports that a higher BMI is strongly related to under-reporting of energy and protein intakes (Table 5) . Therefore, careful control for baseline BMI is needed when analyzing studies in which energy, protein, or protein density intake is the main outcome, such as in comparisons of intake levels among subpopulations. Additionally, such studies could be analyzed using a prediction equation for intake (Appendix Tables 2 and 3) as the outcome, thus removing, or at least reducing, reporting bias from the outcome measure. Similarly, it seems important to control carefully for age in studies using FFQ-reported protein or energy intake as the main outcome.
For studies relating a dietary intake to a health outcome, the attenuation factor and correlation coefficient between reported and true intakes are important. Attenuation factors are useful at the analysis stage for de-attenuating observed relative risks measured on the continuous scale of intake. At the design stage, correlation coefficients are useful for judging how much a plausible relative risk between categories of intake will be attenuated by using the self-report instrument. For example, if a relative risk between upper and lower quintiles of 2.0 is plausible and the correlation coefficient is ρ, then in simple situations the expected observed relative risk will be 2.0 ρ (21) . (This result is parallel to a result of Fraser and Yan (27) for standardized intakes on the continuous scale.) In this case, if the correlation coefficient is less than 0.38, the expected observed relative risk will be less than 1.3. The required sample size is also related to this correlation, being proportional to its inverse-square. To avoid needing hugely inflated sample sizes, one usually needs a correlation of approximately 0.4 or more. Table 7 shows that, in our studies, the FFQs reach this level for protein density intake but not for absolute energy or protein intake. Also, averaging results from 2 or three 24-hour recall administrations attains this level of correlation for protein density and absolute protein but not for energy, although the protein results for men differ between the AMPM and Energetics studies. It is worth considering combining reports from multiple 24-hour recalls and a FFQ to further increase the correlations of reported intakes with true intakes, as in the study by Carroll et al. (28) .
The FFQs in our studies assessed intake over the past 3 (NPASS, NBS) or 12 (OPEN, AMPM, Energetics) months, whereas biomarkers and 24-hour recalls assessed short-term intake. The biomarker assessments were therefore more proximal to the period assessed by the 24-hour recalls than the period assessed by the FFQs. This could cause overestimation of 24-hour recall correlations with long-term true intake and underestimation of FFQ correlations. Preliminary investigations using statistical modeling indicate that this does occur but not to a degree that would change our overall conclusions. Further examination of this issue under a variety of statistical models is needed.
Because attenuation factors are used to adjust attenuated estimates of relative risks, it is important to know whether they are modified by personal characteristics. One important observation from our study is that attenuation factors for men and women seem comparable. However, the information in Appendix Table 1 suggests that when women report using Table 6 . a FFQ, attenuation factors may differ according to BMI and race, although this phenomenon does not appear to apply to men or to reporting using a 24-hour recall. The result for women using a FFQ suggests the need for further research into the effects of such attenuation modification on the results of cohort studies of women and into methods of estimating relative risks in such circumstances. The article by Prentice (29) provided an early effort related to fat intake and BMI in breast cancer cases. Related to this point, in measurement error-adjusted survival analysis with age as the time scale, attenuation factors may vary with age and need to be agespecific, as in risk set regression calibration (30, 31) . Appendix Tables 2 and 3 show that the correlation between true and predicted usual intakes can be greatly increased for energy and protein by including personal characteristics alongside self-reported intake in a calibration (or prediction) equation. However, gains are more modest for protein density. The important predictors aside from self-report are BMI and race, as well as age for energy. Neuhouser et al. (9) and Tinker et al. (32) have proposed that such prediction (calibration) equations be used to estimate usual intakes and be entered in place of reported intake into regression models that relate dietary intake to health outcomes. In its simplest form, where the prediction is based only on the self-report and there are no confounders in the health outcome model, this approach coincides with the method of correcting estimation bias, known as linear regression calibration (33) (34) (35) .
When there are confounders in the health outcome model, regression calibration requires that the confounders are used also in the prediction equation (34) . In addition, according to theory, additional predictors may be added to the calibration equation if they are independent of the health outcome variable conditional on the explanatory variables in the health outcome model (36). The choice of which variables to use in the prediction equation is complex, closely tied to the time period targeted for usual intake, and beyond the scope of this article. It is clear, however, that the principle of increasing the accuracy of prediction of usual intake is centrally important in nutritional epidemiology research. Overall, our pooling study has clarified the strengths and weaknesses of 2 commonly used types of self-report instrument. The different FFQs used in these studies were all selfadministered using paper and pencil and were developed with the intent to capture total usual nutrient intakes for most Americans, with special attention to measuring fat intake (11) (12) 37 ). However, further research has led to a general acceptance that FFQs do not measure absolute energy intake well (6, 9) . The modes of administration of the 24-hour recalls varied across studies from web-based to intervieweradministered (including in-person and telephone administration) and in the type of portion size aids used. Additionally, the populations differed quite widely in age and racial/ethnic composition. These factors no doubt contributed to betweenstudy heterogeneity in some measures. Despite this heterogeneity, the present study has established firmly that the attenuations and correlations with truth for the FFQs studied are much improved for protein density compared with absolute protein, that multiple 24-hour recalls substantially decrease attenuation and increase correlations over those for a single 24-hour recall, and that BMI strongly predicts underreporting of energy and protein intakes. Our analysis is based only on total energy, a single nutrient, protein, and protein density and does not necessarily generalize to other nutrients. Our analyses of potassium and sodium intakes, which are to be reported separately, support the view of others (38) that levels of dietary reporting error differ across nutrients. Also, the fact that the participants in these studies were nearly all nonsmokers may imply that they were more healthconscious than average and may therefore have reported their intakes more accurately than average. Thus, it is possible that reporting in the total population may be somewhat poorer than indicated by these studies.
Clearly, improvements in our current dietary assessment methods are desirable, and ongoing work on new automated instruments, new dietary biomarkers, and incorporating these with the current self-report instruments should be supported and encouraged. Research to develop further recovery biomarkers likewise should be strongly supported. 
